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Abstract—We investigated the effect of using a synthetic 
ferrimagnetic (SyF) free layer in MgO-based magnetic tunnel 
junctions (MTJs) on current-induced magnetization switching 
(CIMS), particularly for application to spin-transfer torque 
random access memory (SPRAM). The employed SyF free layer 
had a Co40Fe40B20/ Ru/ Co40Fe40B20 and Co20Fe60B20/ Ru/ 
Co20Fe60B20 structures, and the MTJs (100 × (150 – 300) nm2) 
were annealed at 300°C. The use of SyF free layer resulted in low 
intrinsic critical current density (Jc0) without degrading the 
thermal-stability factor (E/kBT, where E, kB, and T are the energy 
potential, the Boltzmann constant, and temperature, 
respectively). When the two CoFeB layers of a strongly 
antiferromagnetically coupled SyF free layer had the same 
thickness, Jc0 was reduced to 2-4 × 106 A/cm2. This low Jc0 may be 
due to the decreased effective volume under the large spin 
accumulation at the CoFeB/Ru. The E/kBT was over 60, resulting 
in a retention time of over ten years and suppression of the write 
current dispersion for SPRAM. The use of the SyF free layer also 
resulted in a bistable (parallel/antiparallel) magnetization 
configuration at zero field, enabling the realization of CIMS 
without the need to apply external fields to compensate for the 
offset field.  
 
Index Terms—current-induced magnetization switching, MgO 
barrier, CoFeB, synthetic ferrimagnetic free layer 
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I. INTRODUCTION 
pin-polarized currents exert torque on a magnetization that 
can switch the magnetization direction once the current 
density becomes sufficiently high.[1],[2] This “current-
induced magnetization switching (CIMS)” at reduced current 
density has been demonstrated in a number of MgO-barrier-
based magnetic tunnel junctions (MTJs).[3]-[10] In particular, 
CoFeB/MgO/CoFeB MTJs have been shown to exhibit high 
tunnel magnetoresistance (TMR) ratios (over 200%) [11]-[20] 
together with CIMS at low critical current density (Jc). 
Recently, high-capacity (2-Mb) spin transfer torque random 
access memory (SPRAM) utilizing the potential of 
CoFeB/MgO/CoFeB MTJs has been demonstrated [21],[22]. 
To attain even higher capacity nonvolatile SPRAM, it is 
necessary to further reduce Jc while maintaining a high 
thermal-stability factor (E/kBT, where E, kB, and T are the 
energy potential, the Boltzmann constant, and temperature, 
respectively) well over 60. While Jc is proportional to the 
product of the magnetization and the thickness of the free 
layer (i.e., magnetic moment per area), the thermal-stability 
factor is proportional to the volume of the free layer. [1] If the 
dimension of an MTJ is simply reduced to enable more bits to 
accommodate in a given area, Jc remains constant: however, 
the E/kBT degrades. 
We have been investigating the use of a synthetic 
ferrimagnetic (SyF) free layer in MgO-barrier-based MTJs to 
achieve low Jc and high E/kBT. [23],[24] An SyF free layer 
consisting of two ferromagnetic layers separated by an Ru 
spacer layer should provide sufficiently high volume to 
withstand thermal fluctuations while keeping the effective 
magnetic moment per area low. [25]-[27] Previous studies on 
CIMS showed that magnetoresistive devices with SyF free 
layer tends to have a lower Jc than those with a single 
ferromagnetic free layer. [23],[24],[28] In this paper, we 
report the CIMS of MgO-barrier-based MTJs with a 
CoFeB/Ru/CoFeB-based SyF free layer and describe the 
advantages of the SyF free layer for SPRAM application. 
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Fig. 1(a) shows a schematic diagram of the MTJ pillar we 
fabricated for investigating CIMS. MTJ films were deposited 
on an SiO2/Si substrate by RF magnetron sputtering with a 
base pressure of 10-9 Torr. The film layers were, starting from 
the substrate (in nm), Ta(5)/ Ru(10)/ Ta(5)/ NiFe(5)/ MnIr(8)/ 
CoFe(2.5)/ Ru(0.8)/ Co40Fe40B20(3)/ MgO(0.9)/ 
Co40Fe40B20(tCoFeB)/ Ru(tRu)/ Co40Fe40B20(tCoFeB)/ caping layer. 
The CoFeB layers and Ru spacer layers were varied in 
thickness from 1.8 to 2.6 nm and 0.6 to 2.4 nm, respectively, 
and were formed by using a slide mask shutter during 
sputtering, respectively. The nano-scaled junctions (100 x 150 
nm2, 100 × 200 nm2, and 100 × 300 nm2) were fabricated 
using electron-beam lithography. Fig. 1(b) shows a scanning 
electron microscopy image of a rectangular MTJ pillar 100 × 
200 nm2. The completed MTJs were annealed at 300oC for 1 h 
in a 10-6 Torr vacuum under a magnetic field of 4 kOe. The 
TMR loops of the MTJs were measured at room temperature 
using a four-probe method with dc bias and a magnetic field 
of up to 1 kOe. The CIMS was evaluated by measuring the 
resistance by 10-µA-step current pulses with a duration (τp) 
ranging from 30 µs to 1 s. The E/kBT was obtained from the 
slope of the average critical current density (Jcave) vs. ln(τp/τ0) 
plot and from Jcave vs Hc plot, where Jcave. is defined as (|JcP-
>AP|+|JcAP->P|)/2. The current direction was defined as positive 
when the electrons flowed from the top (free) to the bottom 
(pin) layer. 
 
III. EXPERIMENTAL RESULTS AND DISCUSSION 
 To determine the magnetic exchange coupling energy (Jex) 
between the two CoFeB ferromagnetic layers as a function of 
tRu in the CoFeB(2)/Ru(tRu)/CoFeB(2) structure, we prepared 
separately a structure, SiO2/Si substrate / Ta(5)/ Ru(50)/ 
Ta(5)/ MgO(0.9)/ CoFeB(2)/ Ru(tRu)/ CoFeB(2)/ Ta(5). We 
cut it into a rectangle (1 × 3 mm2) for magneto-optical Kerr 
effect measurements. Fig. 2 plots the Jex between the two 
layers as a function of tRu. The inset shows an expanded view 
for tRu = 1.0 to 3.0 nm. We calculated Jex using Jex = –
µ0HsMst1M2t2/(M1t1+M2t2), where Hs is the saturation field, M1 
and M2 are the saturation magnetizations of the two CoFeB 
(1.3 T), t1 and t2 are the thicknesses of the two layers (both 2 
nm). [4],[29] The highest antiferromagnetic coupling energy 
(0.17 mJ/m2) was obtained for tRu ~0.6 nm. There were 
oscillations in the magnitude of Jex; a second peak appeared at 
tRu = 1.2 nm and a third one at 2.4 nm. The oscillatory 
behavior suggests the presence of an oscillation from 
ferromagnetic to antiferromagnetic and back, as previously 
reported [30]. It originates from the Ruderman-Kittel-Kasuya-
Yosida (RKKY)-type coupling typically found in Co/Ru/Co 
multilayers. [31] The open circles in Fig. 2 represent either no 
Jex or positive (ferromagnetic) Jex because we cannot measure 
the ferromagnetic coupling with the method described here.  
Fig. 3 plots Jcave as a function of 1/Hc (inverse of 
coercivity, Hc) for all the MTJs shown in Fig. 2, with Ru 
spacers from 0.6 to 2.4 nm. The Jcave was measured with a 
pulse current of 1 s duration. Hc, which were obtained from 
TMR measurement under magnetic field, are varied by 
changing the tRu and aspect ratio of MTJ pillars. We see that 
Jcave can be categorized into three groups depending on the 
strength of the magnetic coupling energy shown in Fig. 2 and 
that, within each group, Jcave increased linearly with 1/Hc. The 
black symbols (tRu = 0.7 and 0.9 nm), white symbols (tRu = 1.5, 
1.7, and 1.9 nm), and hatched square symbols (tRu = 2.2 and 
2.4 nm) correspond to the Ru spacer thicknesses for the first 
antiferromagnetic coupling, the ferromagnetic couplings 
between the second and third antiferromagnetic coupling, and 
the third antiferromagnetic coupling, respectively. Hereafter, 
we refer to the groups as Group I, II, and III, respectively. 
 We now show that the intrinsic critical current density (Jc0) 
can be obtained by analyzing the measured Jcave vs. Hc plot 
using Slonczewski’s model [1],[32] taking into account the 
thermal activated nature of the magnetization switching. The 
relevant equations are [33],[34] 
 
 Jc = Jc0{1–(kBT/E)ln(τp/τ0)},    (1) 
 
 Jc0 = αγeMst(Hext ± Hk ± Hd)/µBg,    (2) 
 
 E = MsVHk/2,      (3) 
 
 g = P/[2(1+P2cosθ)],     (4) 
 
where α is the Gilbert damping coefficient, γ the 
gyromagnetic constant, e the elementary charge, t the 
thickness of the free layer, Hext the external magnetic field, Hk 
the in-plane uniaxial magnetic anisotropy, Ms the saturation 
magnetization of the free layer, V the volume of the free layer,  
Fig. 1.  (a)Schematic drawing of the cross section of the MTJs. The thickness 
of the Ru spacer layer in the SyF free layer varies from 0.7 to 2.4nm. (b) 
Scanning electron microscopy image of the pillar. 
Fig. 2.  Magnetic exchange coupling energy (Jex) for Co40Fe40B20 /Ru / 
Co40Fe40B20 SyF free layers with Ru spacer layer varying from 0 to 3 nm in 
thickness. The inset shows expanded view of range from 1.0 to 3.0 nm. 
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and Hd the out-of-plane magnetic anisotropy induced by the 
demagnetization field. The θ is 0 for the parallel configuration 
and π for anti-parallel.  
In the following, we deal with a magnetic cell with E/kBT 
enough high to have a uni-axial anisotropy and a single 
magnetic domain, so Hk ≈ Hc. Since Hd >> Hk, Hext, we can 
obtain the Jc0ave. and Jcave, which is a function of Hc, using 
 
 Jc0ave ≈ αγeMstHd(g(P→AP)+g(AP→P)) / 2µB g(P->AP)g(AP->P) (5) 
 
 Jcave= Jc0ave [1–(2kBT/MsV) ln(τp/τ0)/Hc]    (6) 
 
As seen in Fig. 3, the measured Jcave is inversely proportional 
to Hc within each group (solid lines). This shows that eq. (6) is 
a good approximation of our results. By extrapolating 1/Hc to 
zero in Fig. 3, we can obtain Jc0ave, given by eq. (5), as 6.0 × 
106 A/cm2 for Group I, 1.00 × 107 A/cm2 for Group II, and 
1.06 × 107 A/cm2 for Group III. The Jc0 for Group I was the 
 
 
 
 
smallest indicating that the larger the antiferromagnetic 
coupling, the lower the Jc0. We speculate that the lower Jc0 for 
Group I may be responsible for both the lower effective 
product of magnetization and thickness (volume) and the 
larger spin accumulation at CoFeB-Ru interface. Two 
antiferromagnetically coupled CoFeB layers separated by a 
non-magnetic Ru layer much thinner than the spin diffusion 
length [35] is known to enhance the spin accumulation at the 
CoFeB-Ru interface.[36],[37] Spin accumulation increases the 
efficiency of the spin-torque acting on the CoFeB free layer 
and contributes to the reduction in critical current density. The 
effect of the effective product of magnetization and thickness 
on Jc0 will be discussed later. 
 Figs. 4 (a) and (b) show the magnetic field hysteresis loop 
(R-H loop) and the resistance vs. pulsed current (R-Ip) for τp = 
1 ms and a 100 × 200 nm2 MTJ with a 
CoFeB(2)/Ru(0.8)/CoFeB(2) SyF free layer. The Ru thickness 
of 0.8 nm corresponds to the highest antiferromagnetic 
coupling energy. The TMR ratio was 98%. The R-Ip curves 
were measured under an applied magnetic field of –7 Oe in 
the direction of the pin CoFeB layer to compensate for the 
offset field [see Fig. 4(a)] arising primarily from the stray 
fields at the edge of the patterned SyF pin layer. The current 
density required to switch the magnetization from parallel 
(anti-parallel) to anti-parallel (parallel) shown in Fig. 4(b) was 
3.85 × 106 A/cm2 (JcAP->P = –3.25 x 106 A/cm2); the Jcave was 
3.55 × 106 A/cm2. Fig. 4(c) plots Jcave as a function of ln(τp/τ0) 
for τp from 100 µs to 1 s. The slope of the lines in Fig. 4(c), 
which is based on eq. (1), indicates an average E/kBT 68. By 
extrapolating Jc to an ln(τp/τ0) of 0, which corresponds to τp = 
1 ns, we obtain an Jc0ave of 4.6 x 106 A/cm2. The Jc0ave thereby 
obtained agrees well with that obtained from Fig. 3. 
  
 
Fig. 3.  Jcave as a function of 1/Hc The plotted black symbols (tRu = 0.7, 0.9, 
and 1.2nm), white symbols (tRu = 1.5, 1.7, and 1.9 nm), and hatched square 
symbols (tRu = 2.2 and 2.4 nm). 
Fig. 4.  (a) R-H loop, (b) R-Ip loop at τp of 1 ms, and (c) Jc as a function of ln 
(τp/τ0) for an MTJ with Co40Fe40B20(2)/Ru(0.8)/Co40Fe40B20(2) SyF free layer.
P to AP 
AP to P 
Fig. 5.  (a) Jc0 and (b) E/kBT as a function of tCoFeB for an MTJ with 
Co40Fe40B20(tCoFeB)/Ru(0.8)/Co40Fe40B20(tCoFeB) SyF free layer. The inset of (a) 
shows Jc0 as a function of the bottom-CoFeB thickness when the thickness of 
top CoFeB is fixed at 1.8 nm. 
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We now discuss the effect of the CoFeB ferromagnetic layer 
thickness (tCoFeB) in the SyF free layer on Jc0 and E/kBT. Fig. 5 
shows Jc0 and E/kBT as a function of tCoFeB in MTJs with a 
CoFeB(tCoFeB)/ Ru(0.8)/ CoFeB(tCoFeB) SyF free layer, in 
which the two CoFeB layers have nominally the same 
thickness. MTJs with dimensions of 100 × 200 nm2 were 
selected so as to have almost the same Hc (~150 Oe). The inset 
of Fig. 5 (a) shows Jc0 vs. bottom CoFeB thickness when the 
top CoFeB thickness was fixed at 1.8 nm. Fig. 5 (a) shows 
that the Jc0 for all samples was apparently constant with 
regards to tCoFeB. In contrast, it increased linearly with an 
increase in the bottom CoFeB thickness, as shown in the inset. 
These results suggest that Jc0 is proportional to the effective 
product of magnetization and thickness (Mteff) of the SyF free 
layers. The effective thickness (teff) is given by teff = |Mtt-CoFeB–
Mtb-CoFeB| / MeffSyF, where subscripts t and b refer to the top and 
bottom CoFeB layers of the SyF free layer. [38] In contrast, 
E/kBT increased linearly with an increase in tCoFeB as shown in 
Fig. 5 (b), indicating that E/kBT in the SyF free layer is 
determined by the total CoFeB thickness of the free layer. We 
obtained a high E/kBT (over 80) at tCoFeB = 2.6 nm, which is 
high enough to endure a retention time of over ten years. The  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
SyF free layer enables the realization of a high E/kBT by 
increasing tCoFeB without increasing Jc0. 
 For SPRAM, the suppression of the write current 
dispersion is one of the most important issues. The 
magnetization is potentially switched by a current during data 
reading, because the magnetization switching of the free layer 
occurs stochastically in the thermal-activation region of 
reading and writing times of over 10 ns. From eq. (7) [39], a 
high E/kBT of SyF free layer should lead to suppress the 
dispersion of the write current. 
 
P = 1–exp{–(τp/τ0)exp[–E/kBT(1–J/Jc0)]} ,    (7) 
 
where P is the switching probability. Fig. 6 shows P under τp 
= 1 µs as a function of J/Jc0 for MTJs with Co40Fe40B20/ Ru/ 
Co40Fe40B20 SyF free layer with different E/kBT (22 and 66). 
The slope of each curve becomes steeper with increasing 
E/kBT. This indicates that the dispersion of write current is 
further suppressed by employing the SyF free layer with even 
higher E/kBT in MTJs. 
 Another remarkable advantage of the SyF free layer for 
SPRAM is described here. For the CIMS of the MTJs, an 
external magnetic field is usually needed to compensate for 
the shift of the zero magnetic field generated by interlayer 
coupling between the free and pinned layer and by the stray 
file from the pinned layer. Especially for MTJs with a single 
free layer, a bistable (parallel/antiparallel) magnetic 
configuration is hard to achieve due to the large shift of the 
zero magnetic field and the small Hc. Fig. 7 (a) shows a 
typical R-H loop for an MTJ with a CoFeB(1.8)/ Ru(0.8)/ 
Fig. 6.  Switching probability as a function of J/Jc0 for CoFeB/Ru/CoFeB 
SyF free layer-based MTJs with different E/kBT values. The applied current 
pulse duration is 1 µs. 
Fig. 7.  (a) R-H loop and (b) R-I loop measured at zero magnetic field for 
MTJs with Co40Fe40B20(1.8)/ Ru(0.8)/ Co40Fe40B20(1.8) SyF free layer. 
(a) (b) 
Fig. 8.  Jc as a function of ln(τp/τ0) for MTJs with Co20Fe60B20/ Ru/ 
Co20Fe60B20 and Co40Fe40B20/ Ru/ Co40Fe40B20 SyF free layers. 
P to AP 
AP to P 
Table. I  Comparison of Jc0/{(E/kBT) × A} 
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CoFeB(1.8) SyF free layer. It shows that a bistable 
magnetization configuration at zero field can be stably formed. 
This behavior comes from the closed magnetic field within an 
SyF free layer and the large Hc (typically over 100 Oe). Fig. 7 
(b) shows R-I loop measured under a zero field. Clear 
switching is evident. Thus, the SyF free layer enables the 
realization of CIMS without the needed to apply external 
fields to compensate for the offset field. 
 Finally, we also examined the CIMS in MTJs by replacing 
the Co40Fe40B20 layer in the SyF free layer with an Fe-rich 
Co20Fe60B20 layer. TMR ratio (130%) of MgO-barrier MTJs 
with Co20Fe60B20 electrode is higher than that (~90%) of MTJs 
with Co40Fe40B20 electrode, suggesting that MTJs with 
Co20Fe60B20 electrode should have a lower Jc0 [20], [32]. Fig. 
8 shows the Jc as a function of for MTJs (100 × 200 nm2) with 
two kinds of SyF free layers (Co20Fe60B20(2)/ Ru(0.8)/ 
Co20Fe60B20(1.8) (●) and Co40Fe40B20(2)/ Ru(0.8)/ 
Co40Fe40B20(1.8) (♦). From the slopes, the obtained Jc0 (E/kBT) 
are 2.0 × 106 A/cm2 (47) for MTJ with Co20Fe60B20 SyF free 
layer and 4.1 × 106 A/cm2 (42) for Co40Fe40B20. Not only a 
higher TMR ratio but also a lower effective magnetization 
(Meff) and a lower damping factor (α) in Co20Fe40B20 
compared to those in Co40Fe40B20 may be responsible to 
further decrease in Jc0. 
 Here, we suggest the use of parameter Jc0/{(E/kBT)×A} 
(where A is junction area) as a figure of merit for in the 
comparison of different MTJs, because one needs to achieve 
both low Jc0 and high E/kBT per area A. Table I shows 
Jc0/{(E/kBT)×A} obtained in the present study as well as in 
previous studies on CIMS. The smaller value indicates better 
performance. The value obtained in the MTJs with SyF free 
layer layer is the smallest among all. 
 
III. CONCLUSION 
We have described the advantages of MgO-barrier-based 
MTJs with a Co40Fe40B20/Ru/Co40Fe40B20 SyF free layer in 
terms of current-induced magnetization switching (CIMS) and 
their application to spin-transfer torque random access 
memory (SPRAM). One advantage is low intrinsic critical 
current density (Jc0) without degrading thermal-stability factor 
(E/kBT). When the two CoFeB layers in a strongly 
antiferromagnetically coupled SyF free layer have the same 
thickness, a low Jc0 of 4 × 106 A/cm2 is observed. Replacing 
the Co40Fe40B20 electrode with Co20Fe60B20 one further 
reduces it to 2 × 106 A/cm2. We believe that this low Jc0 is 
caused by the decreased effective volume under the large spin 
accumulation at the CoFeB/Ru interface. The high E/kBT (over 
60) obtained in the SyF free layer results in a retention time of 
over ten years and suppression of the write current dispersion 
for SPRAM. Another remarkable advantage of the SyF free 
layer is that it results in a bistable (parallel/antiparallel) 
magnetization configuration at zero field, making it possible 
to realize CIMS without the need to apply external fields to 
compensate for the offset field.  
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